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Group transfer polymerizationThis article overviews the work by our Group at the University of Cyprus on the attempted
controlled polymerization of several biobased unsaturated esters. These were esters of tig-
lic acid, itaconic acid, fumaric acid, maleic acid and methylene malonic acid, whereas the
method employed for their polymerization was group transfer polymerization (GTP), a
type of quasi-living oxyanionic polymerization, capable of the rapid, room-temperature
polymerization of a,b-unsaturated carbonyl compounds. Since the methyl ester of tiglic
acid resisted GTP as well as conventional and controlled radical polymerizations, the
monomer 2-(tigloyl)ethyl methacrylate was prepared and smoothly (co)polymerized by
GTP from the methacrylate functionality, yielding various homopolymers, block copoly-
mers and star polymers of well-deﬁned structure. Although not polymerizable to high con-
version by GTP, 1–2 units of di(n-butyl) itaconate could consistently be added to living GTP
polymethacrylates, allowing their efﬁcient end-functionalization. Similar observations
were also made with diethyl maleate and diethyl fumarate. In contrast, the diethyl ester
of the lower homologue of itaconic acid, methylene malonic acid, would spontaneously
polymerize, probably via a mechanism of anionic polymerization initiated by moisture.
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As the fossil resources dwindle, the prices of fuels and
petrochemical synthons rise, and the attention is turned
to sustainable resources [1–4]. Although not yet available
at competitive prices, the cost of these latter resources
has systematically been decreasing owing to continuous
technological developments [5–8]. The potential of sustain-
able resources is almost unlimited, given that an immense
amount of biomass (1012 tons per year in the case of cellu-
lose [9], one of the main biomass constituents) is produced
annually through photosynthesis on the earth’s crust.
The present work is concerned with organic synthetic
building blocks rather than fuels. In particular, we are
interested in biosourced unsaturated compounds which
can be used as monomers in addition polymerization
either in the naturally-occurring form or after a small
number of chemical transformation steps. The compounds
considered in this overview are esters of tiglic acid, ita-
conic acid, malonic acid, maleic acid and fumaric acid.
Although conventional free radical polymerization is the
simplest method of addition polymerization, herein we
employed a type of a quasi-living anionic polymerization,
group transfer polymerization (GTP) [10–16], to confer
structural control upon the targeted polymeric materials
and ability to form block copolymers. GTP has been our
preferred controlled polymer synthesis method for over
15 years, owing to its capability to rapidly polymerize
methacrylate and methacrylate-like monomers at room
temperature.2. Experimental
2.1. Materials and methods
Most chemicals were purchased from Aldrich, Germany.
In particular, the following unsaturated compounds were
from Aldrich: tiglic acid (98%), di(n-butyl itaconate) (DBI,
96%), diethyl maleate (P97%), diethyl fumarate (98%),
methacryloyl chloride (97%), methyl methacrylate (MMA,
99%), 2-(dimethylamino)ethyl methacrylate (DMAEMA,
98%), and ethylene glycol dimethacrylate (EGDMA, 98%).
The following reagents were also bought from Aldrich:
diethyl malonate (99%), ethylene glycol (99.8%), 1-meth-
oxy-1-trimethylsiloxy-2-methyl propene (MTS, theGTP ini-
tiator, 95%), tetrabutylammonium hydroxide (40% w/w in
water), benzoic acid (99.5%), sulfuric acid (98%), 2,2-diphe-
nyl-1-picrylhydrazyl hydrate (DPPH, 95%), calcium hydride
(CaH2, 90–95%), and potassium metal (99%). Methanol
(99.9%), deuterated dimethyl sulfoxide (d6-DMSO, 99.9%),
and deuterated chloroform (CDCl3, 99.8%) were purchased
fromMerck, Germany. Sodiummetal (98%) was from Fluka,
Germany. Finally, tetrahydrofuran (THF, 99.8%), n-hexane
(96%), and synthesis grade triethylamine and diethyl ether
were purchased from Scharlau, Spain. THF was used as the
mobile phase in chromatography (HPLC grade) and as sol-
vent (reagent grade) for the polymerizations.
Tetrabutylammonium bibenzoate (TBABB), the GTP cat-
alyst, was prepared from tetrabutylammonium hydroxide
and benzoic acid, as described by Dicker et al. [12]. TBABBwas dried and kept under vacuum until use. THF was re-
ﬂuxed over a sodium/potassium amalgam for 3 days to
dryness, and was freshly distilled before use in the
polymerizations.
DBI, diethyl maleate, diethyl fumarate, MMA and DMA-
EMA were passed through basic alumina columns which
retained the acidic polymerization inhibitor and any other
acidic impurities, and they were stirred overnight over
CaH2 to remove the last traces of moisture and protonic
impurities. This was done in the presence of added DPPH,
a free radical inhibitor which would prevent thermal poly-
merization. Finally, they were freshly distilled prior to the
polymerization. MTS was also freshly distilled just before
the polymerization, without having been contacted with
CaH2.
Methyl tiglate (MeTi) and 2-hydroxyethyl tiglate were
prepared via Fischer esteriﬁcation of tiglic acid with meth-
anol and (excess) ethylene glycol, respectively, catalyzed
by sulfuric acid [17]. 2-Hydroxyethyl tiglate was puriﬁed
by column chromatography, and was, subsequently, fur-
ther esteriﬁed using methacryloyl chloride in absolute
THF in the presence of triethylamine base at 0 C to give
2-tigloyloxyethyl methacrylate (TiEMA) [17]. Both MeTi
and TiEMA were puriﬁed using basic alumina and CaH2
as described in the previous paragraph for the other unsat-
urated esters.
Diethyl methylenemalonate was synthesized through a
Knoevenagel-type condensation of formaldehyde with
diethyl malonate in acetic acid catalyzed by copper (II) ace-
tate at 120 C for 3 h, following the procedure of Matziari
et al. [18]. The mixture was condensed using a rotary evap-
orator, whereas complete removal of acetic acid was
accomplished by adding and distilling off toluene three
times. The residue was dissolved in diethyl ether and the
resulting solution was ﬁltered. Then, the diethyl ether
solution was consecutively extracted using an HCl aqueous
solution (1 M), a 5% sodium hydrogencarbonate aqueous
solution, water, and saturated brine. Subsequently, the or-
ganic layer was dried using anhydrous magnesium sulfate,
and diethyl ether was evaporated off. Finally, the structure
of diethyl methylenemalonate was conﬁrmed using
1H NMR spectroscopy. 1H NMR (300 MHz, CDCl3, d):
1.29 ppm (m, 2  3H, –OCH2CH3), 4.29 ppm (m, 2  2H,
–OCH2CH3), 6.72 ppm (s, 2H, –OC(CH2)CO–).
2.2. Polymerizations
Polymerizations were performed using GTP [10–16] at
room temperature. Typically, a 100-mL round-bottomed
ﬂask, sealed with a rubber septum, kept under an inert ar-
gon or nitrogen atmosphere, and containing TBABB cata-
lyst (10 mg, 20 lmol), was loaded, using a glass syringe,
5 mL of freshly distilled THF, 0.3 mL MTS initiator
(0.26 g, 1.5 mmol) and 3–5 mL of monomer. The triggered
polymerization exotherm was monitored using a digital
thermometer. The exotherm abated within 5 min, and
samples were subsequently obtained for characterization
of the molecular weight and the composition of the formed
product using gel permeation chromatography (GPC) and
1H NMR spectroscopy, respectively. Afterward, a second
monomer was added, if applicable, and the monitoring of
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a similar way. Finally, the polymer product was precipi-
tated in n-hexane (sometimes repeatedly, if necessary,
2–4 times), and was dried in a vacuum oven at room
temperature for 72 h.
2.3. Gel permeation chromatography
The molecular weight distributions (MWD) of all the
polymers were recorded using gel permeation chromatog-
raphy (GPC) in THF, delivered at a ﬂow rate of 1 mL min1
using a Waters 515 isocratic pump. Single detection based
on refractive index (RI) was carried out using an ERC–
7515A RI detector from Polymer Laboratories. The separa-
tion was performed using a PL Mixed ‘‘D’’ column also from
Polymer Laboratories. The MW calibration curve was based
on eight narrow MW (850, 2810, 4900, 11550, 30530,
60150, 138500 and 342900 g mol1) linear polyMMA stan-
dards obtained from Polymer Laboratories. Thus, the num-
ber-average MW, Mn, and the MW dispersity, Ð, (Ð =Mw/
Mn, where Mw is the weight-average MW) were calculated
from the recorded MWDs using the above-mentioned rela-
tive MW calibration.
2.4. 1H NMR spectroscopy
The starting materials, the newly-synthesized mono-
mers, and the polymers were characterized in terms of
their structure and composition by 1H NMR spectroscopy
using a 300 MHz Avance Bruker NMR spectrometerO OH
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Fig. 1. Chemical structures of tiglic acid, citric and itaconic acids, malonic aci
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Fig. 2. Photographs of (a) Croton tiglium, (b) Citrus limon (lemon-tree), (c) Malus
citric acid (transformable to itaconic acid), malonic acid (transformable to methequipped with an Ultrashield magnet. Deuterated chloro-
form (CDCl3) was used as the NMR solvent, whereas the
traces of tetramethylsilane (TMS) present in CDCl3 served
as internal reference.3. Results and discussion
All unsaturated esters whose polymerization or oligo-
merization was attempted in this investigation are derived
from biosourced carboxylic acids. The chemical structures
of these carboxylic acids (in green) together with those of
their modiﬁed derivatives (alkyl groups in blue; other,
non-biobased parts in red) and those of their esters utilized
for the polymerizations are illustrated in Fig. 1.
Photographs of the main sources of the above-men-
tioned naturally-occurring carboxylic acids are illustrated
in Fig. 2. These include the seeds of Croton tiglium (tiglic
acid), lemons (citric acid, convertible to itaconic acid), ap-
ples (malonic acid, convertible to methylenemalonic acid),
and Fumaria ofﬁcinalis (fumaric acid).3.1. Polymerization of tiglic acid esters
Tiglic acid is found in croton oil, extracted from the
seeds of the plant C. tiglium, and in the secretions of cara-
bid beetle Pterostichus californicus. The IUPAC systematic
name of tiglic acid is trans-1,2-dimethylacrylic acid,
whereas the empirical name of its structural isomer, cis-
1,2-dimethylacrylic acid, is angelic acid. Tiglic acid is alsonate
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Fig. 3. Attempted polymerizations of methyl tiglate (MeTi), and block copolymerizations of 2-(tigloyloxy)ethyl methacrylate (TiEMA) with methyl
methacrylate (MMA), 2-(dimethylamino)ethyl methacrylate (DMAEMA), and ethylene glycol dimethacrylate (EGDMA) [17].
Table 1
Molecular weight and composition characteristics of the TiEMA-containing (co)polymers synthesized.
No. Polymer structure MWtheor GPC results % mol TiEMA
Mn Ð Theor. 1H NMR
1 TiEMA5 1160 2310 1.47 100 100
2a TiEMA10 2220 5520 1.22 100 100
2b TiEMA10-b-MMA10 3220 8270 1.55 50 52
3 TiEMA20 4330 11700 1.47 100 100
4a MMA10 2501 2540 1.22 0 0
4b MMA10-b-TiEMA10 3220 6920 1.3 50 47
5 TiEMA5-co-MMA5 1661 5032 1.42 50 49
6a DMAEMA20 3240 3940 1.2 0 0
6b DMAEMA20-b-TiEMA5 4300 4690 1.22 20 19
7a TiEMA8 1800 4540 1.16 100 100
7b TiEMA8-b-EGDMA4 – 67800 1.71 33 35
O O
O O
n
Photo-oxidation O O
O O
n
OHO
meso-tetraphenylporphyrin
Xenon lamp, O2, CCl4
Fig. 4. Photo-oxidation reaction of a polyTiEMA to give a
poly(hydroperoxide).
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crotonic acid, respectively bearing two, one and one fewer
methyl groups on the vinyl unit compared to tiglic acid.
Tiglic acid and its esters are known not to polymerize via
free radical polymerization or any other controlled poly-
merization method. Yet, we decided to examine its GTP be-
cause we hoped that the special characteristics of this
polymerization method could make the difference, or to
generalize the previous statement in the worst case.
The main results of our investigation on the polymeriza-
tion of tiglic acid derivatives are summarized in Fig. 3 [17].
In our investigation, tiglic acid was ﬁrst modiﬁed to
methyl tiglate (MeTi) using methanol via Fischer
esteriﬁcation. The structure of MeTi was elucidated using1H and 13C NMR spectroscopy. Attempted homo- and
co-polymerizations of MeTi by GTP, atom transfer radical
polymerization (ATRP), reversible addition-fragmentation
chain transfer (RAFT) polymerization and conventional
free radical polymerization failed. Similarly, metallocene
polymerization did not work (M. Pitsikalis, University of
Athens, Greece), whereas N-heterocyclic carbene-
catalyzed-GTP (D. Taton, University of Bordeaux, France)
resulted in the addition of only one unit of methyl tiglate
onto the initiator. The non-polymerizability of tiglates
was, therefore, conﬁrmed, and this is probably due to steric
hindrances. Worthy of note is that two cyclobutene
analogues of methyl tiglate are known to polymerize by an-
ionic and radical polymerizations; however, the ring ten-
sion present in these latter compounds apparently
outweighs steric hindrance [19,20].
Thus, a methacrylate derivative of tiglic acid was pre-
pared in the following way [17]. Tiglic acid was reacted
to excess (two equivalents) ethylene glycol, and, after puri-
ﬁcation, the resulting 2-hydroxyethyl tiglate was reacted
with methacryloyl chloride to give 2-(tigloyl)ethyl methac-
rylate (TiEMA). After puriﬁcation, TiEMA could be
smoothly polymerized by GTP, allowing the preparation
of its block copolymers with MMA and DMAEMA.
Furthermore, a star polymer of TiEMA was prepared by
its sequential block copolymerization with EGDMA, a
O O
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Fig. 5. Attempted block copolymerizations of di(n-butyl) itaconate (DBI) with methyl methacrylate or 2-(dimethylamino)ethyl methacrylate; DBI
polymerized second [25].
Table 2
Molecular weight and composition characterization for the MMA-DBI and DMAEMA-DBI diblock copolymers.
No. Theoretical polymer structure MWtheor. GPC results DP of DBI
Mn Ð Theory 1H NMR
1a MMA20 2100 3610 1.20 – –
1b MMA20-b-DBI1 2350 3410 1.17 1 1.00
2a MMA20 2100 2770 1.31 – –
2b MMA20-b-DBI2 2590 3160 1.18 2 0.75
3a MMA20 2100 2690 1.37 – –
3b MMA20-b-DBI4 3070 3180 1.21 4 0.87
4a MMA20 2100 2820 1.15 – –
4b MMA20-b-DBI8 4040 2980 1.24 8 1.39
5a DMAEMA20 3240 2660 1.24 – –
5b DMAEMA20-b-DBI1 3490 3510 1.19 1 1.63
6a DMAEMA20 3240 2830 1.22 – –
6b DMAEMA20-b-DBI2 3730 3420 1.24 2 1.88
7a DMAEMA20 3240 2960 1.20 – –
7b DMAEMA20-b-DBI4 4210 3820 1.20 4 1.66
8a DMAEMA20 3240 2850 1.20 – –
8b DMAEMA20-b-DBI8 5180 3500 1.22 8 1.29
Table 3
Size characteristics of the DMAEMA-DBI diblock copolymers in D2O as
determined by SANS.
No. Polymer structure DPDBI Rg (nm) Mw (g mol1)
1 DMAEMA20 0.00 1.86 8780
2 DMAEMA20-b-DBI1 1.63 2.23 16810
3 DMAEMA20-b-DBI2 1.88 2.41 21130
4 DMAEMA20-b-DBI4 1.66 2.65 26300
5 DMAEMA20-b-DBI8 1.29 1.95 11710
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trary to TiEMA which behaves as a monomer due to the
inertness of the tiglate moiety toward polymerization, acts
as cross-linker. The TiEMA homopolymers and copolymers
prepared in this way, along with their molecular weight
and composition characteristics are listed in Table 1.
Finally, the tiglate units in a TiEMA homopolymer were
photo-oxidized (tetraphenyl porphyrin used as sensitizer)
to give hydroperoxide units in 38% yield (Fig. 4). These
units can, in principle, initiate radical polymerization,
and convert the starting photo-oxidized polyTiEMA to a
graft polymer. Preliminary efforts in this direction were,
unfortunately, not successful.3.2. Polymerization of itaconic acid esters
Itaconic acid (methylenesuccinic acid) can be obtained
from the fermentation of carbohydrates using Aspergillus
terreus, and also from the ‘‘distillation’’ of citric acid. The
esters of itaconic acid are polymerizable using several tech-
niques, including conventional free radical polymerization
[21], ATRP [22], and RAFT polymerization [23,24]. Polyitac-
onates with bulky alkyl substituents, such as the cyclo-
hexyl, have a low ceiling temperature of 60 C, enabling
their facile depolymerization [24].The main results of our investigation on the polymeri-
zation of itaconate diesters are summarized in Fig. 5 [25].
We ﬁrst attempted [25] the GTP of di(n-butyl) itaconate
(DBI), aiming at degrees of polymerization (DP) equal to
1–8. In all cases, 1H NMR spectroscopy showed addition of
only 1–2 units. Then, we attempted block copolymerizing
DBI off the ends of ‘‘living’’ polyMMA and polyDMAEMA,
expecting the addition of a greater number of DBI units.
However, again, only 1–2 of DBI were added. The results
of these attempted block copolymerizations are summa-
rized in Table 2.
Next, to check whether DBI inhibits the GTP of methac-
rylates, the random copolymerization of the pairs DBI-
MMA and DBI-DMAEMA was pursued. Analysis by GPC
and 1H NMR spectroscopy indicated that the products of
766 E. Kassi et al. / European Polymer Journal 49 (2013) 761–767the polymerization were just DBI oligomers, with 1–3
units, whereas MMA and DMAEMA were not consumed.
This indicated the greater reactivity of DBI compared to
the methacrylates.
To further prove the successful attachment of 1–2 DBI
units as the second short block of the attempted block
copolymers, and recognizing that the DMAEMA-DBI com-
bination corresponds to amphiphilic block copolymers
capable of forming micelles in water, these samples were
characterized using SANS in D2O. Analysis of the SANS data
indicated formation of small micelles, whose molecular
weight and radius of gyration increased as the DBI content
(measured by 1H NMR spectroscopy on the ﬁnal material)
increased (Table 3).3.3. Polymerization of an ester of an oleﬁnic derivative of
malonic acid
Attributing the difﬁculty in the polymerization of DBI
both to the placement of a methylene group next to the vinyl
group and to the bulkiness of the itaconate arising from the
presence of the second carboxylate, we tried to address the
former problem by eliminating the a-methylene group
from DBI. This led to the design of a new monomer, the
diethyl diester of methylenemalonic acid, a lower homo-
logue of itaconic acid (methylenesuccinic acid). Methyle-
nemalonic acid is not found in nature, but malonic acid
(from which it can be prepared) is. Malonic acid (propa-
nedioic acid) is found in apples and beetroot as the calcium
salt; furthermore, it acts as competitive inhibitor to succi-
nate dehydrogenase.
The designed monomer diethyl methylenemalonate
was synthesized through a Knoevenagel condensation of
diethyl malonate with formaldehyde in acetic acid cata-
lyzed by copper acetate for 3 h, following the procedure
of Yiotakis and coworkers [18]. The desired product was
puriﬁed by column chromatography. However, this mono-
mer would polymerize spontaneously, probably through
an anionic mechanism and initiation by small quantities
of moisture present.3.4. Polymerization of esters of fumaric acid and maleic acid
Given the difﬁculty in the synthesis and uncontrolled
polymerization of the diester of methylenemalonic acid,
we turned our attention to two isomers of methylenema-
lonic acid, fumaric acid (trans-butenedioic acid) and maleic
acid (cis-butenedioic acid), both of which are commercially
available. Furthermore, fumaric acid is encountered in var-
ious plants, such as F. ofﬁcinalis and Iceland moss, and in
Boletus fomentarius (a type of mushroom). Attempted GTPs
of diethyl fumarate and diethyl maleate gave the same re-
sults as with DBI, i.e. addition of a small number of units of
these oleﬁns off the ends of living polymers. It is notewor-
thy that both fumarates and maleates can be polymerized
by free radical polymerization, just like itaconates.4. Conclusions
Although nature designed some unsaturated com-
pounds to exhibit inertness to one or more types of addi-
tion polymerization (tiglates, itaconates, maleates and
fumarates), these esters can be used for efﬁciently end-
functionalizing polymers as one-two units can be added
to the active polymer ends. Furthermore, these compounds
can be polymerized after conjugation with standard poly-
merizable moieties such as methacrylates.Acknowledgements
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